INTRODUCTION
Despite the complicated temporal and spatial distributions of the hurricane wind field, many analyses have shown that the generated surface waves follow the same similarity relationship as those generated by steady winds in fetch-limited conditions. For example, Young [1] produces a sequence of numerically simulated directional wave spectra forced by model hurricane wind fields. Using the JONSWAP wave growth relationship of # # x [2] , he derives the effective fetch from the significant wave height Hs. The effective fetch is then used to compute the expected peak wave period Tp based on the JONSWAP fetch-limited growth function of # # Subsequently, Young [3, 4] report the results from examining more than 20 years directional buoy recordings. Restricting the data segments to the condition that the buoy is within 8 times of the radius of maximum hurricane wind speed from the hurricane center, he shows that the key parameters that define the directional wave spectra in the hurricane waves are not distinguishable from those observed in ideal steady wind fields. As a consequence of the wave spectral similarity, the wave growth function given as # # is the same for both wave fields generated by hurricane winds and steady winds. The similarity relation connects the three wind and wave variables (U10, Hs, Tp), which will be referred to as the wind-wave triplets from here on.
The fetch-and duration-limited nature of wave growth inside hurricanes is further clarified with airborne scanning radar (SRA) wave measurements [5, 6] in hurricane hunting missions. Using the 60 wave spectra of Hurricane Bonnie 1998 reported by Wright et al. [7] and 12 wave spectra of Hurricane Ivan 2004 reported by Black et al. [8] , Hwang [9] presents an analysis of the wave growth inside hurricanes not only as the similarity function # # but also the fetch and The 60 wave spectra reported by Wright et al. [7] represent about a quarter of the full suite of spectra collected in that hurricane hunter mission. The full set in fact contains 233 spectra along 10 radial groundtracks. With the broader coverage in the full data set, it is feasible to derive a much better resolution in the azimuthal and radial variation of the surface wave development inside hurricanes (section 2). Using the fetch-limited wave growth property, an algorithm to obtain hurricane wind speed using the dominant wave properties is described (sec. 3). A summary is given in Sec. 4.
SURFACE WAVE DEVELOPMENT INSIDE HURRICANES
The SRA wave measurements inside Hurricane Bonnie 1998 reported here span the time between 2030 UTC 24 August to 0144 UTC 25 August. Detailed discussions of the mission have been presented in [7] and [10] . Figs. 1a to 1c show the wind-wave triplets (U10, Hs, Tp) plotted with respect to the position relative to the moving hurricane center. The flight track and the hurricane eye positions on the earth coordinates are given in Fig. 1 of [7] , which is reproduced in Fig. 1f for reference. During the 4.7 h data acquisition time, the hurricane was moving in a steady NNW direction. The hurricane advancing velocity is estimated from the hurricane center positions to be about (4.5 m/s, 13 N), here the azimuth angle increases counterclockwise (CCW). Using the hurricane heading as the reference, the dimensionless wave variance and peak frequency are plotted in Figs. 1d and 1e. When referenced to the hurricane heading subscript h is added to the plotting coordinates (x, y).
As the analysis given in [9] shows, the growth of surface waves inside a hurricane (except for the region near the hurricane eye) follows the established fetchand duration-limited relationships. As a result, given the effective fetch or duration, it is feasible to compute the wind-wave triplets (U10, Hs, Tp) knowing only one of the three variables. Using the full set of the Bonnie 1998 SRA wind and wave data, the azimuthal and radial dependence of the wind fetch inside a hurricane are established. The effective fetch x x and x x for wave height and wave period respectively can be expressed as a linear function of the radial distance from the hurricane center r (the distances in the following equation is given in km and the azimuth angle is referenced to the hurricane heading, positive CCW)
The azimuthal variations of the slopes ( x a and x a ) and the intercepts ( x A and x A ) are presented as lookup tables (Table 1 ).
The fetch-limited growth functions can be used to estimate the key wave parameters of significant wave height and dominant wave period given the knowledge of wind speed and wind fetch [9] : 
The subscript w for Hs and Tp is (2) emphasizes that the wave properties obtained from the fetch relationship represent the wind sea components. 0.14 -104.50 3.60 Excluding the region close to the hurricane center (during the period of data acquisition, the radius of maximum wind speed Rm is about 75 km), the ratios Using the procedure described above, the dominant wave information can be calculated from the hurricane wind field. Figure 3 shows the result obtained for the archived HRD wind field at 1830 UTC 24 Aug 1998, which is the closest time to the SRA measurements (2030 UTC 24 August to 0144 UTC 25 August) with the gridded data available at the archive site (http://www.hwind.co/legacy_data/). The maximum 1-min sustained surface wind speed is about 44 m/s (category 2) at 78 km NE of center (Fig. 3a) . The computed Hsw, Tpw, #, and # are illustrated in Figs. 3b-e. The azimuthal and radial variations of the wind-wave triplets and the corresponding dimensionless # and # show rather complex patterns. In general terms, the wave height is larger on the right hand side; the wave period is longer in the front half; the young seas are at the rear right quarter and the older seas occupy the left half plane.
HURRICANE WIND RETRIEVAL
Using the fetch-limited growth functions, the wind speed can be obtained from Hs or Tp accompanied with the fetch input [9] Figure 4 shows the ratios RUH and RUT of retrieved U10 using Hs and Tp vs. the HRD U10. In the same format of Fig. 2 , the results are plotted as a function of the radial distance from the hurricane center on the left column, and as a function of the azimuth angle with respect to the hurricane heading on the right column. 
SUMMARY
The robust wind wave growth functions established with ideal fetch-limited and quasi-steady wind conditions (e.g., [11] [12] [13] ; and references therein) have been observed to be applicable to wind generated waves under considerably more varying conditions, including hurricanes [1, 3, 4, 14, 15] and rapidly accelerating and decelerating wind fields such as those encountered in mountain gap winds [16] [17] [18] [19] .
With the deployment of SRA in hurricane hunter missions, the detailed 2D wavenumber spectra have advanced significantly our understanding of the wave conditions inside hurricanes. In this paper, the fetchlimited nature of wave development inside hurricanes is analyzed to provide good resolutions in azimuth and radial range for the effective fetches of Hs and Tp. The azimuthal and range dependency of the effective wind fetches for wave height and wave period are given in lookup tables (Table 1) . With the help of the effective fetch, the complete wind wave triplets (U10, Hs, Tp) inside a hurricane can be obtained knowing only one of the three. Applying the wind wave growth function, an algorithm for hurricane wind speed retrieval from Hs or Tp is presented. Alternatively, given the hurricane wind field, the Hs and Tp fields can be computed to investigate the critical parameters such as energy exchange rate and exchange velocity across the air-sea interface (e.g., [9, [20] [21] ).
